Alaska Native children experience high rates of lower respiratory tract infections (LRTIs) and lung conditions, which are associated with substandard indoor air quality (IAQ). We conducted an intervention of home remediation and education to assess the impact on IAQ, respiratory symptoms and LRTI visits. We enrolled households of children 1-12 years of age with lung conditions. Home remediation included improving ventilation and replacing leaky woodstoves. We provided education about IAQ and respiratory health. We monitored indoor airborne particles (PM2.5), CO 2 , relative humidity and volatile organic compounds (VOCs), and interviewed caregivers about children's symptoms before, and for 1 year after intervention. We evaluated the association between children's respiratory visits, symptoms and IAQ indicators using multiple logistic regression. A total of 60 of 63 homes completed the study. VOCs decreased (coefficient = −0.20; p < 0.001); however, PM2.5 (coeff. = −0.010; p = 0.89) did not decrease. Burning wood for heat, VOCs and PM2.5 were associated with respiratory symptoms. After remediation, parents reported decreases in runny nose, cough between colds, wet cough, wheezing with colds, wheezing between colds and school absences. Children had an age-adjusted decrease in LRTI visits (coefficient = −0.33; p = 0.028). Home remediation and education reduced respiratory symptoms, LRTI visits and school absenteeism in children with lung conditions. ARTICLE HISTORY
Introduction
Alaska Native children living in rural southwest Alaska experience some of the highest reported rates of hospitalisation from lower respiratory tract infections (LRTIs) [1] . The pneumonia hospitalisation rate for infants from Alaska's southwest Yukon Kuskokwim (YK) Delta region is tenfold higher than for other US infants [1] . Bronchiectasis, a chronic lung sequelae of early and severe pneumonia, has nearly disappeared from the developed world, but is still frequently seen among southwest Alaska Native children [2, 3] .
Previous research demonstrates that substandard indoor air quality (IAQ) and inadequate housing lead to increased and more severe respiratory disease [4] [5] [6] [7] [8] .
Inadequate housing conditions in southwest Alaska can negatively affect IAQ [3, [9] [10] [11] . Household crowding, indoor smoke, lack of piped water and poverty have been independently associated with LRTIs. These factors are more common in rural southwest Alaska than in the general US population [12] [13] [14] , and help explain the disparity in LRTIs and chronic lung sequelae in children from this region.
We conducted an intervention in Alaska's rural southwest YK Delta and Bristol Bay regions to evaluate the impact of simple home remediation and household education on the household IAQ and respiratory symptoms in children with chronic lung conditions. We monitored indoor airborne small particulate matter 2.5 microns (PM2.5), carbon dioxide (CO 2 ), relative humidity (RH), temperature and volatile organic compounds (VOCs), and interviewed caregivers about children's respiratory symptoms. We previously reported the baseline study IAQ and household characteristics [15] . In this paper, we describe the impact of home remediation on IAQ, and on respiratory symptoms and LRTI visits in household children.
Methods

Setting and approvals
Approximately 31,000 primarily Alaska Native people reside in Alaska's rural YK Delta (58,000 square miles) and Bristol Bay (46,714 square miles) regions. Communities in these regions are accessible year round only by aircraft, and seasonally by boat or snowmobile. YK Health Corporation (YKHC) and Bristol Bay Area Health Corporation (BBAHC) are tribal organisations providing comprehensive health care delivery and environmental health services and use electronic health record systems.
We recruited Alaska Native households during a 4-year period (2011) (2012) (2013) (2014) (2015) to participate in a 1 year prospective study to evaluate IAQ, respiratory symptoms and respiratory visits before, and during the year after, home remediation. The study was approved by the Alaska Area and the Centers for Disease Control and Prevention's (CDC) Institutional Review Boards, the Alaska Native Tribal Health Consortium (ANTHC), and the YKHC and BBAHC tribal organisations. A tribal representative in the participating community provided written support prior to contact with participants. Household adults provided written consent prior to this participation.
Recruitment
We selected 63 households with a high-risk child for the study. High-risk children were defined as children 1-12 years of age with lung disease (e.g. asthma) who had, in the previous 12 months, been treated in an outpatient setting at least 4 times, or hospitalised at least once for respiratory problems.
Data collection
We collected data on housing conditions, IAQ and respiratory health of high-risk children and other household children [15] . We created a home assessment tool specific to rural Alaska, and gathered data on occupancy level, ventilation, in-home pollution sources and resident behaviours including smoking, woodstove use, cooking, household activities and hobbies, during home walk-through and interviews [15] .
We monitored indoor PM2.5, CO 2 , % RH, temperature (degrees Fahrenheit) and VOCs in the living room for 24-96 consecutive hours three times: 2 weeks before, and then 2 weeks and 12 months after home remediations. Child health outcomes were evaluated using caregiver respiratory health questionnaires conducted twice before the intervention and at 2 weeks, 3 months and 12 months after the intervention. Each questionnaire covered respiratory symptoms and missed school in the previous 2-week period, using questions from a respiratory questionnaire created by the American Thoracic Society for epidemiologic studies [16] .
Visit data were downloaded from the regional and referral hospital electronic medical record systems. Adult (age≥18 years) household members were included in the study in years 3 and 4. Adult visit data were not available for one of the villages.
Interventions
Home remediation included installing passive vents, range hoods and or bathroom fans; replacing old leaky woodstoves with more efficient, EPA-certified models; fixing or replacing oil-fired furnaces and addressing moisture issues. Building professionals from tribal regional housing authorities completed the home remediation. Environmental health professionals provided home-based education using discussions and informational pamphlets. Target behaviours addressed in the education included burning dry wood, proper use of home ventilation systems, gasoline storage, using best household cleaning practices and smoking outside the home. Three months after interventions, a respiratory therapist or case manager made an in-home visit to provide education on respiratory triggers, asthma medication use and medication compliance. Activity logs of IAQ-related behaviours were completed daily by study personnel during the air sampling periods.
Data analysis
Air quality data were assessed with a random effects model accounting for household. VOC was also reported as BTEX (benzene, toluene, ethylbenzene, o-xylene and m,p-xylene). PM2.5 and CO 2 were logtransformed for analysis. VOCs, BTEX and % BTEX were presented as summary measurements collected over the 4 days. RH was calculated as the mean; CO 2 and PM2.5 were calculated as geometric mean concentrations (GMC) from multiple measurements for the 4-day reporting period.
Associations between possibly confounding factors and air quality measurements were performed with each individual factor and IAQ measure (except the time period variable that has two levels). Multivariable analyses include all factors with a given IAQ measure.
Interval questionnaire data were analysed with a logit model with a random effect for person.
Analyses of numbers of visits in the pre and post intervention years were done with a matched t-test for means and Sign Rank test for medians. Pre-and post-periods were defined as the 12 months prior to intervention and 12 months after construction was complete; however, year 1 villages had only the same 8 calendar months available pre and post. Health facility visit rates were assessed with a Poisson regression model with a random effect for person. Health facility visits were reviewed and categorised by diagnosis (International Classification of Diseases (ICD), 9th and 10th Revisions), and medications prescribed. "LRTI" included pneumonia, bronchiolitis, chronic lung disease, bronchiectasis and bronchitis. "Acute respiratory infections (ARI)" included LRTI plus croup, upper respiratory infection, otitis and reactive air disease/asthma. "Any asthma medication" included albuterol as well as corticosteroid inhalers and oral corticosteroids. All analyses were conducted in Stata 10 and p-values <0.05 were considered significant.
Results
Interventions 63 homes in 8 communities were enrolled and 60 homes participated in the intervention study. 1-year follow-up data were available for 52 homes. Remediation in homes included ventilation improvements (installing Fresh 80 Passive Air Inlet vents [Therma-Stor, Madison WI.], bathroom fans and/or range hoods) in 59 homes (98%), woodstove replacement in 28 (47%), new oil-fired furnace in 14 (23%) and moisture abatement in 6 (10%).
Air quality
IAQ measurements showed significant decreases in total VOCs, BTEX and the BTEX/Total VOC ratio over the course of the study (Table 1 ). PM2.5 did not change significantly over the study period. An average of 22% of PM2.5 readings within a home exceeded 35 μg/m 3 at both the pre-and 1 year post time points. CO 2 levels for study year 1 were higher than the measurement capacity of the monitor (0-2,500 ppm), and could not be recorded. Median CO 2 was 1,401 ppm for remaining homes. CO 2 did not show a decline over the study period. 65-77% of the average proportion of CO 2 readings were above the acceptable indoor air level (>1,000 ppm) during the 3 sampling periods [17] . RH showed a significant increase at 1-year post remediation. At that time an average of 81% of measurements within homes were in the recommended 30-60% range, compared with 63% initially. Factors associated with adverse IAQ included smoking in the home, use of a woodstove, average number of persons sleeping in the home, outdoor air temperature and absence of piped water in the home ( Table 2 ). The average number of persons sleeping in the household was positively associated with all of the IAQ indicators measured. Smoking and woodstove use were positively associated with PM2.5. The presence of piped water in the home was negatively associated with all of the measures except PM2.5 and RH. The bold values are significant with a p-value <0.05 VOC measurements are one summary over 4 days of collection, PM2.5, CO 2 and RH are mean (RH) and GMC (PM2.5, CO 2 ) from multiple measurements over the 4 days. Carbon monoxide was measured in years 2-4. 98% of levels (118/121) were <5 ppm, the remaining 3 levels were all <20 ppm. VOC: volatile organic compounds; GMC: geometric mean concentration; PM2.5: small airway particles; RH: relative humidity; BTEX: total of benzene, toluene, ethylbenzene, o-xylene and m,p-xylene.
Respiratory health
The 63 households contained 214 participating children who ranged in age from 1 month to 13 years of age (mean 5.5 years). The 72 high-risk children were significantly younger (mean 4.2 years) than the 142 other household children (mean 6.2 years, p < 0.001). The number of participating children per household ranged from 1 to 7, with a mean of 3.4.
Compared to the baseline period, parents reported a decreased proportion of children with respiratory symptoms (Table 3) . After adjusting for age category and season, and using high-risk status as factor, reports of respiratory symptoms in household child decreased after interventions. Significant adjusted decreases were noted for colds or runny nose, cough between colds, wet cough, wheezing with colds, wheezing between colds and need for inhaler or nebuliser. Reported school absenteeism decreased (coefficient 0.19, p < 0.001). Adults in households, adjusted for age, sex, season, also reported a decrease in wet cough (coefficient 0.39, p = 0.020) (Data not shown).
Outpatient clinic visits for respiratory infection
We evaluated outpatient medical visits in the year preand post-intervention for household children and adults. Overall, there was a decrease in all visits, ARI visits, LRTI visits for all household children, but not adults (Table 4) . Visits with a prescription for albuterol or any asthma treatment increased in children after the 3-month respiratory education visit. Clinic visit rates were inversely associated with child age. When adjusted for age increase over time, the decrease in all clinic visits and LRTI visits remained significant for high- The bold values are significant with a p-value <0.05 risk children, but not other children or overall (Table 5) . After adjustment for age and sex, adult household members had a decrease in LRTI visits (coefficient = −0.44, p = 0.036). Hospitalisations were relatively rare during the study period. The total number of LRTI hospitalisations in the study children decreased from 15 (7 children) pre-intervention hospitalisations to 5 (3 children) post-intervention hospitalisations.
Discussion
This is the first report of the impact of home remediation and home-based education on IAQ, respiratory symptoms and medical visits in Alaska Native children with chronic lung conditions. Compared with other US homes, these study houses were overcrowded, a high proportion were without running water and heating with woodstove was common [15] . The high-risk children and other household children both had high rates of cough and wheezing and LRTI hospitalisations compared with other US children [15] , consistent with effects from similar household exposures. Although, the initial focus of the study was on reducing indoor pollutants due to woodstove use, we found that IAQ was complex and potentially related to several other factors including crowding, reduced ventilation and tobacco smoke, the presence of fuels and fuel storage and use of homes as workshops. Following remediation, there was a decrease in parent-reported child respiratory symptoms and missed school. After adjusting for age, there was a decrease in all visits and LRTI visits for high-risk children and decrease in LRTI visits in adults.
We showed a significant adjusted decrease in parent-reported child respiratory symptoms (e.g. runny nose, wheeze, cough) and a decrease in parentreported school absenteeism for respiratory illness. The reduction in upper respiratory tract infections (colds or runny nose) is clinically important, as viral upper respiratory tract infections are the commonest trigger of asthma exacerbations in children [18] . We also demonstrated an age-adjusted decrease of 0.3 LRTI visits per year per child for the high-risk children with chronic lung conditions. Education on clean burning, tobacco use, respiratory medications and household cleaning, as well as home remediation may have contributed to the impact on VOCs and respiratory symptoms. The increase in albuterol prescriptions after respiratory education likely reflects increased family awareness of respiratory morbidity. In a systematic review, Crocker et al. [19] reported that home-based, multi-component interventions addressing multiple triggers with education were the most effective interventions in reducing asthma-related acute care visits, symptoms and school absences in children with asthma. Economic analysis suggested that benefits could match or exceed programme costs [20] .
Reduction in LRTI visits in children with chronic lung conditions has potential implications for their future respiratory health. Longitudinal studies show that childhood pneumonia is associated with asthma, and with impaired lung function, which persists into adulthood [21] . The study region has one of the highest LRTI hospitalisation rates in the US [1, 22] , with median cost of LRTI hospitalisation for respiratory syncytial virus estimated at $22,323 [23] . One out of 63 children in this region develop a chronic lung condition, bronchiectasis, from severe or repeated pneumonias, which can lead to increased morbidity in adulthood [2, 24] .
In our study, several household factors contributed to indoor air pollutants, including number of persons sleeping in the household, presence of smoker(s) and wood as primary heat source. High concentrations of VOCs and PM2.5 were associated with higher risk for cough between colds; VOCs were also associated with higher risk for wheeze between colds and asthma diagnosis. PM2.5 did not decrease after the intervention; however, our measurement periods were only a few days out of the 1-year post-intervention period. Although early woodstove interventions showed decreases in PM2.5, more recent wood change-out studies have had variable results with many houses not demonstrating significant sustained PM2.5 decreases [25, 26] . The varied PM2.5 response across homes in our studies and others may be due to factors (e.g. household size, household activities, ventilation) other than the introduction of a new woodstove [25, 27] . The recent Asthma Randomized Trial of Indoor Wood Smoke study demonstrated that air filtration units were superior (68% decrease) to woodstove changeout (no significant reductions) in reducing PM2.5 in homes; however, their effectiveness in reducing LRTIs is unknown [28] .
VOCs were present at detectable levels in all homes and at levels above the minimum risk levels in several homes [15] . Many VOCs are classified as known irritants, and VOC exposure has been associated with the onset and exacerbation of asthma [29] . In our study homes, potential sources for benzene and other VOCs included woodstove and Toyo stove (diesel fuel oil-fired furnace) use, tobacco smoke, fuel, detergents and insecticides, and using homes as workshops for tasks like fixing snowmobile engines. In addition, we found that absence of piped water was associated with higher VOCs. Although this relationship is unexplored, households without piped water may have differences in heating, storage of water and/or cleaning agents that affect IAQ. VOCs were associated with respiratory symptoms (cough, wheeze, asthma) in household children; decrease in VOCs after remediation could have contributed to reduction in cough and wheeze in household children.
Our conclusions are limited by the absence of a placebo arm; however, our conclusions are supported by the high retention of study households and the correlation of parental reports of symptoms with the decline in clinic visits. Rates of wheezing and respiratory infections typically decline with age in young children [30] , including children living in the Arctic [31] . We attempted to address this by controlling for age in the multi-variable analysis. A placebo-controlled trial would more definitively determine whether our interventions significantly changed respiratory morbidity in high-risk rural Alaskan children. However, the interventions we introduced would be difficult to establish in a blinded fashion and this was unacceptable to the local tribal organisation. The introduction of multiple interventions, including respiratory (asthma) education, made it impossible to determine which intervention(s) were effective. However, previous environmental intervention studies for asthma have used a similar approach, and as the causes of airway inflammation are multifactorial, it can be argued that a home-based multifaceted approach is needed to improve asthma outcomes [19, 32] . We do not know whether results from this study are generalisable to the general population for this region (e.g. whether households without highrisk children share similar IAQ features as the study households). Monitoring of IAQ and respiratory symptoms was performed only at intervals, and may not accurately reflect the household IAQ or respiratory symptoms of household children during the study period.
Conclusion
Alaska Native children have markedly elevated rates of respiratory morbidity. In this IAQ intervention in homes of Alaska Native children with chronic lung conditions, we documented high levels of indoor air pollutants (PM2.5 and VOCs) which were associated with respiratory symptoms in household children. Our multicomponent intervention, including home remediation focused on woodstoves and ventilation, coupled with household education, resulted in a decrease in parentreported respiratory symptoms, school absence and LRTI visits in high-risk children. This type of interventions, including house remediation and respiratory education, could be employed to improve IAQ and result in lasting respiratory health and school success in highrisk children with chronic lung conditions.
